Probenecid is a highly lipid soluble benzoic acid derivative originally used to increase serum antibiotic concentrations. It was later discovered to have uricosuric effects and was FDA approved for gout therapy. It has recently been found to be a potent agonist of Transient Receptor Potential Vanilloid 2 (TRPV2). We have shown that this receptor is in the cardiomyocyte and report a positive inotropic effect of the drug. Using echocardiography, Langendorff and isolated myocytes, we measured the change in contractility and, using TRPV2 −/− mice, proved that the effect was mediated by TRPV2 channels in the cardiomyocytes. Analysis of the expression of Ca 2+ handling and β-adrenergic signaling pathway proteins showed that the contractility was not increased through activation of the β-ADR. We propose that the response to probenecid is due to activation of TRPV2 channels secondary to SR release of Ca 2+ .
Introduction
Probenecid is a highly lipid soluble benzoic acid derivative developed by Sharp and Dohme [1] to decrease the renal tubular excretion of penicillin [1, 2, 3, 4, 5, 6, 7] and since then has been used to increase the serum concentration of several antibiotics and antivirals [8] . It was also found to be a competitive inhibitor of active transport processes in the brain [9] , liver [10] and eye [11] and was studied in these fields; however a clinical use was not established outside of its renal effects.
Similar to other drugs which were developed to increase serum levels of antibiotics, probenecid was initially administered via slow intravenous infusion, which caused local irritation. Subsequently, probenecid was found to be rapidly absorbed following oral administration with peak serum concentrations occurring in 1 to 5 hours [3] .
During the initial studies using probenecid (referred to as benemid), it became clear that probenecid had a strong uricosuric effect; this was similar to, but greater than its predecessor carinamide, and it quickly became the standard treatment for gout. Roch-Ramel et al. discovered that probenecid decreased uric acid levels in the serum via inhibition of organic acid reabsorption in the renal proximal tube by acting as a competitive inhibitor of the organic anion transporter (OAT) and thus preventing OAT-mediated reuptake of uric acid from the urine to the serum [12] . Due to its capacity as an OAT inhibitor and its minimal adverse effect profile [5, 6, 13, 14, 15] it was studied for other indications including depression and glaucoma, though it was never approved for such uses. Therefore, its clinical use has declined significantly as other therapies for gout have shown better efficacy [16] .
Research interest in probenecid has recently increased with the observation that it is a potent and selective agonist of Transient Receptor Potential Vanilloid 2 (TRPV 2) channels [17] . The Transient Receptor Potential (TRP) family of channels has been studied for many years in the nephrology and neurology literature. Several TRPs have also been shown to be important mediators of vascular tone (TRPC1, TRPC6 and TRPM4), cerebral blood flow (TRPM4), neointimal hyperplasia (TRPC1) and pulmonary hypertension (TRPC6) [18] . Until recently, only a few of the channels in this family have been found to have direct cardiac effects; (e.g. TRPC3/6/7 in the development of cardiac hypertrophy in response to pressure overload [19] ). With regards to the TRPV family, some members have been identified to carry a direct cardiac effect. The first study was reported by Iwata and colleagues who found that cardiac specific overexpression of TRPV2 (published as the Ca 2+ -permeable growth factor-regulated channel) resulted in chamber dilation of all cavities of the murine heart [20] . This study, however, did not address whether endogenous TRPV2 plays any role in the heart. Subsequently, Huang et al. [21] discovered that TRPV1 −/− mice have an increased infarct size and a decreased survival rate after ligation of the left anterior descending artery in comparison to their WT littermates. Interestingly, several groups have found that TRPV1 activation with specific agonists results in protection against ischemia/ reperfusion (I/R) injury [22, 23] .
We performed a survey of murine and human myocardial tissue for expression of TRPV channels and established that TRPV2 was the highest of these expressed in whole heart samples and specifically in the left ventricle. This finding led us to study the cardiac effects of probenecid on the whole animal, isolated whole heart and the isolated ventricular myocyte with the hypothesis that it can modulate myocardial function.
In vivo studies

Studies of contractility with intravenous administration of probenecid
Echocardiographic evaluation: In order to obtain a dose response curve, male C57 WT (n= 39) mice 12-16 weeks of age were anesthetized with isoflurane while intravenous jugular access (IV) was obtained under a microscope as previously described [34] . Subsequently, an echocardiographic study with both M-mode and B-mode was obtained in parasternal long axis (PSLAX) as described below. Either saline or different doses of probenecid (increasing from 2 to 200mg/kg) were injected (bolus IV) for the initial contractility studies in WT mice.
Invasive evaluation: Once a dose range was established, a separate group of WT mice were anesthetized with an intraperitoneal injection of ketamine (50 μg/g) and inactin (thiobutabarbital, 100 μg/g, Sigma, MA). A tracheotomy was performed (PE-90), and body temperature was monitored and maintained with a feedback-controlled heating table. The right femoral artery was cannulated with fluid-filled polyethylene tubing for measurement of blood pressure and connected to a low compliance pressure transducer (COBE Cardiovascular, Arvada, CO). The right femoral vein was cannulated for delivery of drugs. A high fidelity, 1.2-French SciSence pressure catheter (SciSence, London, ON, Canada) was inserted into the right carotid artery and advanced into the left ventricle to monitor cardiac performance. ECG leads were placed on the right and left arms, and left leg and connected to a BIOAmp (AD Instruments, Colorado Springs, CO). For carotid blood flow measurements, the left carotid artery was isolated and fitted with a 0.5-PSB perivascular flow probe connected to a TS420 flowmeter (Transonic Systems, Ithaca, NY). Experimental solutions of 100μg/μl probenecid were delivered as a bolus via the femoral vein catheter at 30 and 100 mg/kg with 5 minutes between each dose. Hemodynamic variables were collected and analyzed using a MacLab 4/S system (AD Instruments, Colorado Springs, CO) and Chart software.
Contractility studies with WT, TRPV2 +/− and TRPV2
−/− mice-Based on the results of the above experiments, we determined that the dose of 100mg/kg of probenecid gave a maximum contractility response. We injected the probenecid intraperitoneal (IP) to decrease the possible stress effects of surgery. WT, TRPV2 +/− , and TRPV2 −/− mice were monitored by echo for 30 minutes after injection as described below.
2.2.3
Echocardiography-All echocardiographic studies were performed with a Vevo 2100 Ultrasound system (Visualsonics, Toronto CA) with an MS400 probe (30 MHz centerline frequency) and were post-processed at a separate workstation with Vevostrain software (Vevo 2100, v1.1.1 B1455, Visualsonic, Toronto, Canada). Images were obtained from PSLAX and short axis (SAX) views at depths between 2 and 10 mm in both M-mode and B-mode. All studies on mice exposed to I/R injury included M-mode, B-mode in PSLAX and strain imaging in SAX. While for the contractility studies, only M-mode measurements were obtained from the PSLAX. Strain imaging was performed from the Bmode images and regional radial strain and circumferential displacement were measured by regional wall and summed average from the SAX images. From the M-mode images, left ventricular cavity size and wall thickness was measured and the ejection fraction (EF) and fractional shortening (FS) calculations were obtained using the Vevo software.
The change in the EF, FS, as well as strain derived parameters was obtained by subtracting the baseline value from each individual subject against subsequent time-points. In addition, the average change from baseline for each time point between 5 and 30 minutes was determined for each mouse, with measurements being taken every 5 minutes. These averages were compared between the different groups.
2.2.4
In vivo electrophysiology-Electrocardiographic data was obtained during all echocardiographic studies. These studies were subsequently analyzed by an independent, blinded reader at all time points to evaluate for electrocardiographic changes and drug induced arrhythmias. The following parameters were measured: PR interval, RR interval, QRS width and were reported as peak change while the presence of supraventricular or ventricular arrhythmias was measured as a total observed over all images obtained in 30 minutes.
Ex vivo (Langendorff) studies
Isolated heart experiments were performed as previously described [26, 27] on WT mice. After hearts achieved steady-state with pacing at 400bpm, probenecid (10 −6 M) was perfused into the heart using a syringe pump and continuous perfusion for up to 5 minutes. Measurements were taken every second. After the 5 minute perfusion of probenecid, the hearts were removed from the cannula and flash frozen in N 2 for western blot analysis.
Molecular Studies
Quantitative RT-PCR-Hearts
(LV) obtained for RNA isolation and qRT-PCR from WT, TRPV2 +/− and TRPV2 −/− mice were flash frozen and stored at −80°C. For assessment of TRPV2 transcript levels, total RNA was isolated (RNeasy kit; Qiagen, Valencia, CA) and cDNA synthesized (high capacity RNA-to-cDNA kit; Applied Biosystems, Carlsbad, CA) per manufacturer's instructions, using the C-terminal located primers 5′-CTACTGCTCAACATGCTC-3′ (sense) and 5′-CTCATCAGGTATACCATCC-3′ (antisense) which generate a 198 base pair product. All samples were performed in triplicate with a minimum of 3 independent experimental replicates with expression differences calculated using the delta-delta Ct approximation method with 18S mRNA as a loading control [28] . Corrections for primer efficiency were made where appropriate using the Pfaffl Method [29] .
Western
Blot Analysis-WT hearts used for protein expression were isolated from control mice (C57, 12-16 weeks old) from the Langendorff experiments. Total protein for calcium handling proteins was isolated by homogenizing whole hearts in an ice-cold buffer containing (in mM): 80 Imidazole, 300 sucrose, 1 DTT, 10 sodium metabisulfite, the protease inhibitor cocktail P8340 (Sigma, St. Louis, MO) and the phosphatase inhibitor cocktail set II (EMD, Merck, Darmstadt, Germany). Protein concentrations were determined using the BCA Protein Assay kit (Pierce, Thermo Scientific, Rockford, IL).
Aliquots of protein were separated on SDS-PAGE gels (Novex gels, Invitrogen, Eugene, OR) and then transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA) and blocked with 5% BSA. The membranes were analyzed with primary antibodies. When appropriate, the membranes were cut in half to allow two different primary antibodies to be used. The top half would be used for one of the Ca 2+ handling proteins and the bottom half (less than 60kD) would be used for the normalization protein, actin. In circumstances where it wasn't appropriate to cut the membrane, as the two proteins were too close in size, the membranes were stripped after the first protein. Membranes were also stripped between primary antibodies for phosphorylated proteins and corresponding total protein. Table 1 shows the amount of each protein loaded, size of the protein, dilution and the manufacturer. (12- week old) were perfused on the Langendorff system with a modified Krebs-Henseleit buffer (KHB) composed of (mM) NaCl 118, KCl 5.4, HEPES 10, NaH 2 PO 4 0.33, MgCl 2 2, glucose 10, taurine 30, butanedione monoxime 10 (pH=7.4). Then an enzyme solution (KHB containing 0.7mg/ml type II collagenase, 0.1% BSA and 25μM CaCl 2 ) was used to digest the hearts for 10min. Finally, ventricles of the hearts were excised, minced and filtered to obtain isolated cells. After sufficient sedimentation, the supernatant was removed and the cells were resuspended.
Isolated myocytes, calcium uptake and handling
Isolation of ventricular myocytes-Hearts from WT mice
Myocyte contractility measurement-Myocytes
were put on a plexiglass chamber containing a Tyrode's solution composed of (mM) NaCl 140, KCl, 5.4, MgCl 2 1, CaCl 2 1.8, HEPES 5, glucose 10 (pH=7.4). Myocytes were excited under 0.5Hz field stimulation. After reaching the steady state, myocyte shortening and the rates of shortening (+dL/dt) and relengthening (−dL/dt) [30] were imaged with a CCD camera and monitored by a video-edge detector. Drugs were dissolved in Tyrode's solution and perfused into the chamber. Data were continuously collected through the PCLAMP 9 software.
Myocyte Ca 2+ transient and cytosolic Ca 2+ measurement-Myocytes
were loaded with Fluo-4 acetoxymethyl ester (7 μM) for 20 min at room temperature, followed by a 10 min wash with Tyrode's solution, and then placed onto a plexiglass chamber for recording. For Ca 2+ transient measurements, myocytes were excited under 0.5Hz and 3 Hz field stimulation, and the fluorescence signals were obtained using a Nikon TE 2000 microscope and collected through an InCyt Standard photometry system. For cytosolic Ca 2+ analysis in quiescent myocytes, a Zeiss LSM 510 confocal microscope was used to record fluorescent images from resting myocytes. Line-scan mode was applied at 3.07ms intervals with 512 pixels spaced at 0.056μm. Drugs were dissolved in Tyrode's solution and perfused into the chamber. Images of myocytes were recorded every 30s after drug application. Data analysis was performed using Clampfit 9.2 and Image J 1.44 software.
Water soluble probenecid (Molecular Probes, Life Technologies, Eugene, OR) was used for all of the myocyte experiments.
2.5.4
Electrophysiological recordings-Isolated myocytes were perfused with a Na +and K + -free solution containing (mM): tetraethylammonium chloride (TEA-Cl) 137, CsCl 5.4, CaCl 2 2, MgCl 2 1, HEPES 5, glucose 10 and 4-aminopyridine 3 (pH=7.4). Whole-cell patch clamp recordings were performed with an Axopatch-1B amplifier. For Ca 2+ current recordings, glass pipettes were filled with solution containing (mM): aspartic acid 115, CsOH 115, CsCl 20, EGTA 11, HEPES 10, MgCl 2 2.5, Na-GTP 0.1, Mg-ATP 2 (pH adjusted to 7.2 with CsOH). Probenecid was dissolved in a Na + -and K + -free solution which was used to perfuse the myocytes. Data were collected using pCLAMP9 software through an Axon Digidata 1322A data acquisition system. All experiments were performed at room temperature (24°C).
Statistical Analysis
All data are expressed as means ± standard error of the mean (SEM). Results were analyzed with a paired and unpaired Student's t-test and one-way ANOVA as needed. P values ≤0.05 were considered significant. Power analysis was employed to determine the group size necessary to determine whether significant differences exist between endpoint measures in control and experimental groups as previously described [25] . SigmaPlot was used to produce a best fit line and calculate an EC 50 for the dose response curves.
Results
Probenecid increases in vivo contractility in WT but not TRPV2 −/− mice
Administration of probenecid to WT mice resulted in increased contractility as measured via EF relative to EF in control mice given saline ( Figure 1A ). The increased contractility was noted within 5 minutes of the bolus injection with all doses at or above 75 mg/kg (peak change of 5.26±3. 35, 8.40±2 .80, 7.32±2.52 for 75mg/kg, 100mg/kg and 200mg/kg, respectively) ( Figure 1B and 1C, data not shown for 75 and 100 mg/kg). The measured change in contractility as measured at 5 minute intervals (for 30 minutes total) revealed a dose dependent increase in contractility with an estimated EC 50 of 49.33 mg/kg ( Figure 1D ). The EF remained at an elevated state for at least 1 hour on subjects (n=5, dose of 200 mg/kg IV) that were evaluated for a longer period of time (average increase in EF over baseline of 8.9±2.57, data not shown).
Probenecid administered to the TRPV2 +/− mice increased contractility, though the peak change in contractility was only 49% of that observed with the same dose in the WT mice ( Figure 1E ). Furthermore, when probenecid was administered to the TRPV2 −/− , there was no discernable cardiac response noted during the 30 minutes of echocardiogram measurements.
Probenecid does not cause any measurable changes in electrical conduction in vivo mice
Commonly used inotropes result in varied arrhythmias [31, 32] . We did not detect any supraventricular or ventricular arrhythmias or premature atrial or ventricular beats seen after any dose of probenecid administered in WT mice. Furthermore, at all doses there were no measured changes in any conduction intervals (Figure 2A, B and C) , and there were no significant differences noted between probenecid (100 mg/kg) IP in WT and TRPV2 −/− mice ( Figure 2D ).
Probenecid increases contractility in in vivo hearts and in Langendorff perfused hearts
Invasive measurements of +dP/dt demonstrated an effect similar to the Langendorff perfused hearts which were used to measure the cardiac specific effects of probenecid (10 −6 M) on contractility. We found that administration of probenecid in vivo at both a low (30 mg/kg) and high (100 mg/kg) dose rapidly increased the peak +dP/dt ( Figure 3A) . The changes in average +dP/dt over time in Langendorff perfused hearts are shown in Figure 3B . This change was found to be statistically significant from 90 to 210 seconds and reached a steady state between 120 and 180 seconds ( Figure 3B ). Relaxation (-dP/dt) was also affected at the same concentration of probenecid, increasing from 1812±158 to 2309±133 (P<0.01). After treatment with probenecid, the hearts were flash frozen to be used for other experiments.
TRPV2 mRNA is found in cardiac tissue
Quantitative real time PCR from WT, TRPV2 +/− and TRPV2 −/− mice revealed a decrease in expression from WT to TRPV2 +/− mice, with no count detected for the TRPV2 −/− mice. PCR products from the qRT-PCR were run on a 2% agarose gel to verify specificity and again found expression at approximately 200 bp with no expression in the TRPV2 −/− and decreased in the TRPV2 +/− (Figure 4 ).
Expression levels of calcium handling proteins are unchanged after probenecid administration
Using the hearts isolated from the Langendorff procedure animals and age-matched control mouse hearts perfused with Tyrode's solution, we assessed the expression of phospholamban (PLN) and the ryanodine receptor (RyR), phosphorylated and total protein, in the whole heart. Even though these hearts demonstrated an increase in contractility, we found no significant changes in the amount of phosphorylated or total phospholamban or ryanodine receptor in these hearts ( Figure 5A and 5B) or in the ratio of p-PLN to t-PLN ( Figure 5C ). Furthermore, we investigated the sodium/calcium exchanger (NCX) and SERCA2a, to determine if there was another Ca 2+ -handling protein responsible for the increase in contractility, but we found no changes in the expression levels (data not shown).
There is a dose-dependent increase of contractility by probenecid in isolated myocytes
We found that probenecid increased the contractility of isolated ventricular myocytes in a dose-dependent manner ( Figure 6 ). Fractional shortening (FS) of myocytes was increased by 30.8 ± 1.4% (from 6.9% to 9.0%; n=6, P<0.01) when exposed to 0.1 μM probenecid at 0.5 Hz and room temp, and increased from 10.1% to 13.9% (n=4; P<0.01) at 3 Hz and 32°C; the dose-response curve for the action of probenecid had an EC 50 of 1.6 nM ( Figure 6A and 6B). Pretreatment of myocytes with ruthenium red, a non-selective blocker of TRPV2 channels, completely abolished probenecid's effect on myocyte contractility ( Figure 6C and 6D). In isolated myocytes, we measured the +dL/dt and −dL/dt). At room temperature, probenecid administration resulted in a change in maximum +dL/dt from 80.6±12.3 to 112.5±16.6 (n=10, P<0.01) while the −dL/dt increased from 57.7±7.4 to 77.6±8.7 μm/sec (P<0.01).
The effect of probenecid on the myocyte Ca 2+ transient was also examined. Probenecid caused a significant increase in Ca 2+ transient amplitude (F/F0) ( Figure 6E and 6F) , which was consistent with the fractional shortening increase found in myocytes. The concentration of 0.1 μM probenecid increased the Ca 2+ transient amplitude (F/F0) from 3.35 ± 0.20 to 4.25 ± 0.25 (P<0.001), while the decay rate (Tau) of Ca 2+ transient was not affected by probenecid treatment (Figure 6F ).
Cytosolic Ca 2+ increase by probenecid in isolated myocytes
The effects of probenecid on cytosolic Ca 2+ and SR Ca 2+ release were further examined using confocal imaging. Probenecid (0.1 μM) caused a marked increase in SR release (as measured by Ca 2+ spark frequency) as well as a gradual increase in cytosolic Ca 2+ concentration ( Figure 7A and 7B ). On average, the spark frequency was increased two fold, from 1.45 ± 0.09 to 2.99 ± 0.24. The cytosolic Ca 2+ began to increase after 1 minute and typically reached a peak at approximately 5 min after probenecid treatment ( Figure 7C ). Once steady state was achieved, cytosolic Ca 2+ was increased 2.5 ± 0.2 fold under probenecid treatment compared to control ( Figure 7D ). When ruthenium red (1 μM) was applied to the myocytes, the increase of cytosolic Ca 2+ by probenecid was fully blocked ( Figure 7E ). Patch clamp experiments indicate that probenecid does not trigger any significant transmembrane Ca 2+ influx. No measurable inward Ca 2+ current was detected when myocytes were held at −70 mV and exposed to 0.1 μM probenecid ( Figure 7F, left) . However, depolarization of the cell membrane from −70mV to +10 mV elicited a robust Ltype Ca 2+ current ( Figure 7F, right) . Increased SR Ca 2+ release appeared to play a major role in generating the increased cytosolic Ca 2+ level. Emptying of SR content with thapsigargin, a SERCA blocker, abolished the change in cytosolic Ca 2+ by probenecid ( Figure 7G and 7H ).
Discussion
We have shown that probenecid, a well-tolerated FDA approved drug has positive inotropic properties which were previously not recognized, and present evidence that the effect is mediated by TRPV2 channels. This is a significant finding, and has immediate implications for patients with heart disease that are currently receiving probenecid in the therapy of gout. Potential use of probenecid in cardiac disease patients requires a thorough analysis regarding its mechanism(s) of action, dosing, target and off-target effects.
Our studies indicated that probenecid increased contractility in the mouse heart as determined by echocardiography and invasive measurements in a dose-dependent manner with the initial doses based on previously published work [33, 34] . However, these studies required the introduction of a jugular catheter which was traumatic to the animals and likely stimulated a sympathetic response. We then studied IP injection at a lower dose (100 mg/kg) and found it to have similar effects with a simpler method of administration (and therefore this method and dose was used for the remainder of the studies).
Probenecid has been described to cause transient increases of certain monoamines in the brain, CSF and plasma [35] . These studies suggested that probenecid therapy could raise the concentrations of 5-HIAA and HVA (acid metabolites of serotonin and dopamine, respectively) in dogs [36] and the levels of norepinephrine [37] or DOPAC (also an acid metabolite of dopamine) in humans [38, 39] . We performed a series of experiments to determine if the β-adrenergic (β-ADR) pathway was being stimulated by the administration of probenecid. We concluded that the increased contractility observed in the in vivo experiments occurred through a calcium dependent mechanism and not through β-ADR mediated phosphorylation of RyR or PLN. This is significant because β-ADR stimulation has been extensively described as having cardiotoxic effects resulting in increased infarct size [40] through increased oxygen demand [41] , induction of cardiocyte apoptosis [42] and hypertrophy [43] , while β-antagonism is known to be cardioprotective and safe in the treatment of heart failure [44, 45] . Hence, β-ADR stimulation of the heart (directly or indirectly) results in increased contractility but with increased ischemia and cell death and is considered injurious in patients with ischemic heart disease. We have also shown through ex vivo and in vitro experiments that the mechanism of action of probenecid (i.e. causing increased contractility) is not dependent on these pathways and can be potentially useful as a positive inotrope in patients with ischemic heart disease. Furthermore, a very thorough analysis of all electrocardiographic traces before, during and after administration of probenecid IP or IV on WT and TRPV2 −/− mice demonstrated no arrhythmias and no significant changes in any of the measured electrocardiographic variables. This is in stark contrast with commonly used inotropes which result in significant arrythmias, including atrial tachycardia and AV conduction deficits (digoxin) and ventricular and supraventricular arrhythmias (dopamine, dobutamine, isoprotenelol) [31, 32] .
While the initial in vivo experiments only describe an increase in contractility, and not a mechanism, we subsequently performed a series of Langendorff experiments in an attempt to separate the systemic from the cardiac specific effects of probenecid. These experiments showed an increase in contractility similar to that which was observed in vivo. We used 10 −6 M concentration as a series of preliminary experiments showed this dose to result in the most reproducible response. Furthermore, the fact that these experiments resulted in corresponding changes in contractility within a similar time frame (5 minutes in all cases) argues convincingly against a significant systemic increase in adrenergic drive as the main cause for the positive inotropism. We also found that the increase in contractility was associated with an increased rate of relaxation in isolated myocytes when we measured the rate of shortening (+dL/dt) and the rate of relengthening (−dL/dt), and even though they are not identical, they are comparable to rate of contractility (+dP/dt) and relaxation (−dP/dt) found in ex vivo studies.
Probenecid was identified as a TRPV2 agonist by Bang et al. in 2007 using TRPV2expressing HEK293 cells. They performed fluo-3 AM calcium imaging experiments and discovered that probenecid elicited a significant increase in cytosolic Ca 2+ in TRPV2expressing cells but not in cells expressing other thermo-TRP channels, including TRPV1, TRPV3, TRPV4, TRPM8 and TRPA1 [17] . As a member of the thermoTRP channel family, TRPV2 is a Ca 2+ selective channel activated by noxious heat (> 52°C) and activation of TRPV2 has been shown to lead to Ca 2+ influx in neuron cells localized to dorsal root ganglia [46] . Based upon our early results and this literature, we hypothesized that, in cardiac myocytes, probenecid's stimulatory effects on cytosolic Ca 2+ and myocyte contractility involves activation of the TRPV2 channel. This hypothesis is supported by the ability of ruthenium red (RR), a blocker of TRPV2 channels, to fully abolish probenecid's effects on both contractility and cytosolic Ca 2+ level. RR has been established as a general antagonist for TRPV channels, acting by blocking their aqueous pores [47] , however, it has also been shown to affect mitochondrial calcium uptake [48] and ryanodine receptor calcium release [49] .
Having obtained TRPV2 −/− mice [24] , we performed functional experiments in vivo which showed that TRPV2 +/− mice had an approximately 50% decrease in contractility, while TRPV2 −/− mice had absolutely no change in function after exposure to probenecid (100 mg/ kg). These findings argue for the necessity of TRPV2 receptors for increased contractility, but do not prove (as it is a whole body and not a cardiac specific knockout), that the effect is directly dependent on these receptors in the cardiomyocyte.
At the cellular level, we have shown that probenecid increased contractility in mouse ventricular myocytes, though we did not investigate the cardiac fibroblasts separately. TRPV2 has been found to be present and active in various types of fibroblasts [50] , which may potentially play a role in the observed effects. We also found that probenecid increased the amplitude of the Ca 2+ transients, and in quiescent myocytes we observed a gradual increase of the cytosolic Ca 2+ concentration. Intriguingly, we did not detect any measurable inward Ca 2+ current upon exposure to probenecid, suggesting that Ca 2+ influx into the myocyte was not the direct source of the probenecid-triggered increase in cytosolic Ca 2+ levels. Rather, enhanced SR Ca 2+ release appeared to play a major role in the cytosolic Ca 2+ increase. We found that probenecid markedly increased Ca 2+ spark frequency and emptying the SR with a SERCA blocker abolished the effect of probenecid on cytosolic Ca 2+ .
The presence of TRPV2 channels in cardiac myocytes has been described by Iwata and colleagues [20] . They report that TRPV2 channels are present specifically in the intercalated discs (though less so in the peripheral sarcolemma and the cell interior) and that cell stretch increases the translocation to the sarcolemma. Muraki et al. described the channel in arterial myocytes of mice and, in a separate set of over-expression experiments, reported stretch induced activation [51] . Activation of TRPV2 channels may involve translocation from intracellular compartments to the cell membrane [50] . Researchers have found TRPV2 expressed in the intracellular stores of neuroendocrine cells [52] and in the endoplasmic reticulum of macrophages [53] and pancreatic β-cells [54] ; all of whom reported potential translocation to the cell membrane under assorted conditions [55] . Our future planned studies will evaluate the possibility of TRPV2 translocation and activation with isolated myocytes at baseline and after various stimuli. We do not fully understand the mechanism underlying the effect of probenecid on SR Ca 2+ release. One possible mechanism is that probenecid, via TRPV2 channels, results in a local increase in Ca 2+ concentration and triggers the activation of nearby ryanodine receptors. Given that probenecid does not affect phosphorylation of either PLN or ryanodine receptors, our results are consistent with a direct action of probenecid on cellular Ca 2+ content, which increased the Ca 2+ release beat-to-beat, resulting in enhanced contractility. Further, the effect of probenecid that we describe is upon physiologic conditions and not in an overexpression mouse model that was previously described (and found to result in cavity dilation) [20] .
As probenecid has been used for decades and in a variety of clinical scenarios, it would be fair to question why this effect hasn't been described previously. As we have noted with the in vivo dose response experiments, the EC 50 of 49.3 mg/kg is roughly equivalent to the higher limits of the currently accepted human dose of 1 to 3 grams of probenecid orally as it is highly bioavailable after an oral dose [56] . Interestingly, studies that describe an effect of probenecid on cardiac function were published in 1954 and 1955 and appear to have not been recognized at the time [13, 14] . In these studies, probenecid, still being referred to as benemid, was administered orally to patients with "uncomplicated congestive heart failure" and observed a strong diuretic effect (average diuresis of 2.7 liters per day). This study was based on a previous report of carinamide (a precursor to probenecid) that mentioned (but never proved) a potential diuretic effect along with a uricosuric effect [57] . The authors attributed the observed diuresis only to the renal aspect of probenecid and not to a potential cardiac effect. We scoured the literature, including the original FDA submissions for probenecid approval and found no other references or comments reporting an increase in diuresis specifically relating to probenecid (though several did report on its interactions with other diuretics) [58] . The occasional studies that refer to cardiac issues and probenecid are limited to its use in inflammation and infection but not direct effects on cardiac function [12] .
Conclusion
We have identified a novel property of probenecid in enhancing calcium handling and myocardial contractility in the heart. The fact that we have done this with an FDA approved drug which has been used in thousands of patients and is known to have a limited adverse profile argues strongly for the potential clinical applicability of our finding. Furthermore, the fact that there is at least one previous study which documented improved diuresis in congestive heart failure implies a high likelihood that this effect is clinically relevant. We have also demonstrated a novel target for this action, TRPV2. TRP channels are ubiquitous in the mammalian species and have recently been studied in the immune and nervous system of humans, where probenecid has been found to be a strong agonist of TRPV2. There are only a few studies that have described members of the TRP family in the heart (specifically TRPC and TRPM) and their association with calcium handling and hypertrophy. To the best of our knowledge, we are the first to describe TRPV2 channels in the heart and believe that they (and related TRP channels) may constitute an important group of proteins for further study in animals and humans. Electrocardiographic variables measured after various doses of probenecid were administered, A. RR interval, B. PR interval, C. QRS width and D. Heart rate. There were no statistically significant differences between any of the doses or groups. Quantitative RT-PCR product from mRNA isolated from wild type (WT), TRPV2 +/− (HET) and TRPV2 −/− (KO) mouse hearts. Western blot analysis of Ca 2+ handling proteins. Phosphorylated Phospholamban (p-PLN) and phosphorylated Ryanodine receptor 2 (p-RyR2) did not show significant difference between saline in comparison to probenecid. Effect of probenecid on myocyte cytosolic Ca 2+ . A. Images of confocal microscopic linescan of cytosolic Ca 2+ from a myocyte under control and upon exposure to 10 −7 M probenecid for 5 minutes. A heat map is shown to indicate the F/F0 intensity (valued from 0 to 2). B. Average data on Ca 2+ spark frequency under control and upon exposure to 10 −7 M probenecid for 5 minutes. *P<0.001. C. Time courses of cytosolic Ca 2+ in myocytes with and without 10 −6 M ruthenium red (RR) pretreatment upon exposure to 10 −7 M probenecid. All the data points are normalized to time 0 and probenecid was applied at 1 minute. D. Average data on myocyte cytosolic Ca 2+ under control and 10 −7 M probenecid exposure (for 5 minutes) *P<0.001. E. Average data on myocyte cytosolic Ca 2+ pretreated with 10 −6 M ruthenium red under control and 10 −7 M probenecid exposure (for 5 minutes). NS: P>0.9. F. Patch clamp data from the same myocyte showing no inward Ca 2+ current with 10 −7 M probenecid treatment (left) and L-type Ca 2+ current elicited by depolarization voltage step to +10 mV. The myocyte is held at −70 mV. G. Images of confocal microscopic line-scan of cytosolic Ca 2+ from a myocyte pretreated for 15 minutes with 10 −6 M thapsigargin (TG), before and after treatment with 10 −7 M probenecid for 5 minutes. H. Average data on myocyte cytosolic Ca 2+ under control and after 10 −7 M probenecid treatment, in myocytes pretreated with 10 −6 M thapsigargin. 
